Forty fluorescent Pseudomonas strains isolated from white and red cocoyam roots were tested for their ability to synthesize N-acyl-L-homoserine lactones (acyl-HSLs). Remarkably, only isolates from the red cocoyam rhizosphere that were antagonistic against the cocoyam root rot pathogen Pythium myriotylum and synthesized phenazine antibiotics produced acyl-HSLs. This supports the assumption that acyl-HSL production is related to the antagonistic activity of the strains. After detection, the signal molecules were identified through TLC-overlay and liquid chromatographymultiple MS (LC-MS/MS) analysis. In our representative strain, Pseudomonas CMR12a, production of the signal molecules could be assigned to two quorum-sensing (QS) systems. The first one is the QS system for phenazine production, PhzI/PhzR, which seemed to be well conserved, since it was genetically organized in the same way as in the well-described phenazineproducing Pseudomonas strains Pseudomonas fluorescens 2-79, Pseudomonas chlororaphis PCL1391 and Pseudomonas aureofaciens 30-84. The newly characterized genes cmrI and cmrR make up the second QS system of CMR12a, under the control of the uncommon N-3-hydroxydodecanoyl-homoserine lactone (3-OH-C12-HSL) and with low similarity to other Pseudomonas QS systems. No clear function could yet be assigned to the CmrI/CmrR system, although it contributes to the biocontrol capability of CMR12a. Both the PhzI/PhzR and CmrI/CmrR systems are controlled by the GacS/GacA two-component regulatory system.
INTRODUCTION
Cocoyam [Xanthosoma sagittifolium (L.) Schott] is an aroid crop cultivated mainly for its tubers, which are of great importance to the human diet in many (sub)tropical regions. Two varieties are cultivated in Cameroon: white cocoyam, most popular amongst the population but highly susceptible to cocoyam root rot disease caused by Pythium myriotylum; and red cocoyam, which shows a certain degree of field tolerance against this disease (Perneel et al., 2006 . In a previous study, 40 pseudomonads were isolated from healthy white and red cocoyam rhizospheres. Intriguingly, Pythium myriotylum antagonists were exclusively retrieved from the rhizosphere of red cocoyam, and except for one isolate, all antagonistic isolates produced phenazine antibiotics . Within this group of phenazine-producing pseudomonads there is a high genomic similarity. Two strains, CMR12a and CMR5c, have been selected as promising biocontrol agents of Pythium myriotylum and have also been proven to be efficient in the suppression of Verticillium longisporum and Rhizoctonia solani (Debode et al., 2007) (J. D'aes and others, unpublished data), because of their combined production of phenazine antibiotics and biosurfactants . More specifically, they both produce phenazine-1-carboxamide (PCN), a phenazine compound characteristic of Pseudomonas chlororaphis and some strains of Pseudomonas aeruginosa (Mavrodi et al., 2010; Turner & Messenger, 1986) . Pseudomonas CMR5c and CMR12a possibly represent a novel PCN-producing Pseudomonas species that groups in the Pseudomonas putida species complex (Mavrodi et al., 2010; Perneel et al., 2007) .
Phenazines are pigmented, heterocyclic compounds, known for a long time for their broad-spectrum antifungal activity and antagonistic effects due to their redox properties (Mavrodi et al., 2006) . Several phenazineproducing Pseudomonas species are known for their potential in biocontrol applications against soil-borne pathogens, Pseudomonas fluorescens 2-79, P. chlororaphis PCL1391 and P. chlororaphis 30-84 being the most important representatives (Chin-A-Woeng et al., 1998; Thomashow & Weller, 1988; Thomashow et al., 1990) . More recently, it has been recognized that apart from their action as antibiotics, phenazines could also play a role in the physiology of the excreting bacteria and might as such contribute to the ecological competence of biocontrol pseudomonads (Pierson & Pierson, 2010; Price-Whelan et al., 2006) .
Since phenazine production seems to serve different functions, it displays a well-organized regulation. In fluorescent Pseudomonas species, phenazine biosynthesis typically occurs in the stationary growth phase and is regulated by quorum sensing (QS) (Pierson et al., 1998) . Gram-negative bacteria participating in QS often release Nacyl-L-homoserine lactones (acyl-HSLs) into the environment (Fuqua et al., 2001) . These signals are the product of an autoinducer synthase of the LuxI family, and bind a transcriptional activator of the LuxR family at a threshold density, whereupon this complex activates the expression of target genes. Acyl-HSLs have a conserved homoserine lactone ring connected through an amide bond to a variable acyl chain. They can differ with respect to the length of this acyl side-chain and the nature of the substitution at the 3-carbon position (Cha et al., 1998) .
Currently, phenazines are the group of biocontrol-related antibiotics whose QS regulation has been studied most extensively. The phzI and phzR genes, encoding the autoinducer synthase and the transcriptional activator, respectively, are located just upstream of the phzABCDEFG biosynthetic operon, with phzR being convergently orientated to phzI. Biocontrol strains P. fluorescens 2-79, P. chlororaphis 30-84 and P. chlororaphis PCL1391 all share this principle of acyl-HSL-dependent control of phenazine biosynthesis (Chin-A-Woeng et al., 2001b; Khan et al., 2005; Mavrodi et al., 1998; Wood & Pierson, 1996) . The first two strains were isolated from a wheat rhizosphere in Washington state (USA) and the last one from a tomato rhizosphere in Spain, already indicating the universal nature of this regulatory system.
A first aim of the present study was to examine the presence of acyl-HSL QS systems in a number of rhizosphere pseudomonads from a tropical tuber crop, more specifically cocoyam from Cameroon. Hence the acyl-HSL profiles of these QS-positive strains were identified. The second aim of this study was to genetically characterize QS regulation in a representative strain, Pseudomonas CMR12a, which revealed, besides the well-known phenazine QS system, a second novel QS system.
METHODS
Micro-organisms and culture conditions. The fluorescent Pseudomonas strains used in this study (Table 1) have previously been isolated from the cocoyam rhizosphere . They were routinely grown on King's B (KB) agar (King et al., 1954) at 28 uC, except for the control strain P. aeruginosa PNA1 (Anjaiah et al., 1998) , which was grown at 37 uC. The biosensor strains for AHL detection Chromobacterium violaceum CV026 (McClean et al., 1997) and Agrobacterium tumefaciens NT1 [pZLR4] (Cha et al., 1998; Shaw et al., 1997) were cultivated on Luria-Bertani (LB) medium (Sambrook et al., 1989) (Hentzer et al., 2002) at 37 uC. Pseudomonas strain CMR12a was deposited in the Belgian Co-ordinated Collections of Micro-Organisms/Laboratorium voor Microbiologie (LMG) bacteria collection (accession number LMG 24333). For plant experiments, Pseudomonas CMR12a and its mutants were scraped from fully grown KB plates (24-28 h growth) and suspended in sterile saline (0.85 % NaCl), and the concentration of the bacterial suspensions was estimated based on their OD 620 . Rhizoctonia solani AG 2-2 (27) (Nerey et al., 2010) and Pythium myriotylum CMR1 (Perneel et al., 2006) were maintained on potato dextrose agar (PDA; Difco) plates at 28 uC.
Reagents and chemicals. All solvents used for extraction were of analytical grade and those for liquid chromatography-multiple MS (LC-MS/MS) of HPLC grade, obtained from VWR. The following reference standards were purchased from Sigma-Aldrich and dissolved in absolute acetonitrile (ACN) to prepare stock solutions: N-hexanoyl-DL-homoserine lactone (C6-HSL), N-3-oxohexanoyl-DLhomoserine lactone (3-oxo-C6-HSL), N-octanoyl-DL-homoserine lactone (C8-HSL), N-3-oxooctanoyl-L-homoserine lactone (3-oxo-C8-HSL) and N-dodecanoyl-DL-homoserine lactone (C12-HSL). 3-Hydroxy-substituted acyl-HSL standards were not available. For LC-MS/MS we prepared an acyl-HSL mix in 60 : 40 water/ACN with 1 ng ml 21 of each of the reference standards.
Detection, purification and identification of acyl-HSLs.
Individual Pseudomonas strains were first screened for production of acyl-HSLs on solid medium in a T-streak plate assay as described by Piper et al. (1993) using the acyl-HSL biosensors C. violaceum CV026 (McClean et al., 1997) , E. coli JB357 [pJBA89] (Andersen et al., 2001 ) and E. coli MH155 [pMHLAS] (Hentzer et al., 2002) on LB agar plates. The presence of acyl-HSL signal molecules in spent supernatants of late exponential phase cultures was assayed by TLC-overlay with the biosensor A. tumefaciens NT1 [pZLR4] (Cha et al., 1998) . Pseudomonas strains were grown overnight in 25 ml LB medium and K. De Maeyer and others culture supernatants were extracted with the same volume of acidified ethyl acetate (0.1 % glacial acetic acid). The extracts were evaporated under nitrogen flow to dryness and reconstituted in 25 ml acidified ethyl acetate. TLC-overlay analysis was performed as described by Shaw et al. (1997) .
To identify the C12-HSL produced by Pseudomonas CMR12a, a TLCoverlay with E. coli MH155 [pMHLAS] was performed on an RP-2 TLC plate (Alugram RP-2/UV254, Macherey-Nagel), which was developed in a methanol : water mixture (45 : 55, v/v) (Hentzer et al., 2002) .
Tentative structures of some acyl-HSLs were confirmed by LC-MS/ MS. Strains were grown overnight in 25 ml M9 minimal medium (Sambrook et al., 1989) supplemented with glucose (0.4 %, w/v) and casamino acids (0.5 %, w/v). Culture supernatants were extracted as described above and extracts were reconstituted in 500 ml 60 : 40 water : ACN. Chromatography was carried out on a Thermo Finnigan HPLC system comprising a P4000 quaternary pump and an AS3000 autosampler, equipped with a 5 mm 2.16150 mm Symmetry C18 column obtained from Waters. Compounds were eluted at a flow rate of 300 ml min 21 using a mobile phase of 95 % A (0.025 % aqueous formic acid) and 5 % B (ACN) for 2 min, increasing linearly to 95 % B at 32 min, further increasing to 100 % B at 35 min and maintaining 100 % B for 5 min. Analytes were detected with an LCQ Deca ion trap mass spectrometer (Thermo Finnigan) in the MS/MS positive ion mode using an electrospray ionization (ESI) interface.
DNA manipulations and sequencing. All molecular techniques were performed using standard protocols (Sambrook et al., 1989) . Plasmids and primers used in this study are listed in Table 1 . To construct a genomic library of Pseudomonas CMR12a, genomic DNA was partially digested with Sau3A and cloned into BamHI-restricted pRG930-Cm R cosmid vector (Matthijs et al., 2004) . The ligated DNA was packaged using the Gigapack III Gold-4 kit (Stratagene). Approximately 3000 colonies were selected on LB agar plates containing 25 mg chloramphenicol ml 21 and 50 mg spectinomycin ml
21
.
Clones from the cosmid library of CMR12a with the phenazine biosynthesis operon were identified by colony blot hybridization with a phzH probe (0.6 kb PCR fragment of genomic CMR12a DNA with primers oMP500 and oMP501; Chin-A-Woeng et al., 2001a).
To identify the gene responsible for the production of N-3-hydroxydodecanoyl-homoserine lactone (3-OH-C12-HSL), clones from the cosmid library were mobilized en masse to the biosensor P. aeruginosa MH157 [pMHLAS] by triparental conjugation with an E. coli helper strain bearing pRK2013 (Figurski & Helinski, 1979) . GFP-expressing transconjugants were selected on LB agar plates containing 100 mM FeCl 3 to prevent excessive pyoverdin production and the following antibiotics: 400 mg chloramphenicol ml 21 , 300 mg ampicillin ml 21 and 50 mg gentamicin ml 21 . Cosmid 26B10 stimulated GFP expression in P. aeruginosa MH157 [pMHLAS] and was subjected to in vitro transposon mutagenesis with the EZ-Tn5 ,KAN-2. Insertion kit (Epicentre Biotechnologies) to knock out the gene of interest. After transformation in E. coli EC100, these 26B10 : : Tn5 cosmids were conjugated again in P. aeruginosa MH157 [pMHLAS] to select for colonies that did not show GFP expression. Clone 26B10 : : Tn5-n presented Tn5 in a putative 3-OH-C12-HSL synthase gene or cmrI gene, as determined by sequencing with transposon-specific primers KAN-2 FP-1/KAN-2 RP-1 (EZ-Tn5 ,KAN-2. Insertion Kit, Epicentre Biotechnologies), reading sequences outwards from within the transposon. Further outward sequencing revealed the cmrR gene. Sequencing was performed by the Flanders Interuniversity Institute for Biotechnology (VIB) and LGC Genomics. A phylogenetic tree of LuxI-and LuxR-like proteins was constructed using CLUSTAL_X (version 2.0) by applying the neighbour-joining method on a multiple alignment and was visualized through NJPlot. The stability of relationships was assessed by a bootstrap analysis of 1000 datasets. Sequences of LuxI/LuxR-like proteins from other Pseudomonas strains were retrieved from GenBank.
Construction of deletion mutants 12a-DphzI, 12a-DphzR, 12a-DcmrI, 12a-DcmrR and 12a-DphzI-DcmrI. To construct a deletion plasmid for phzI, an upstream fragment consisting of a 0.8 kb region upstream of phzI and an overlap of 200 bp with the beginning of phzI (primers PhzI-UP-F and PhzI-UP-R), and a downstream fragment consisting of an overlap of 200 bp with the end of phzI and a 0.8 kb region downstream of phzI (primers PhzI-DOWN-F and PhzI-DOWN-R) were amplified by PCR on CMR12a DNA. The upstream fragment was cloned immediately beside the downstream fragment in suicide plasmid pMQ30 with the counterselectable sacB gene, by means of an in vivo cloning technique with the yeast Saccharomyces cerevisiae InvSc1 (Hoang et al., 1998; Shanks et al., 2006) . Deletion plasmids for phzR, cmrI and cmrR were constructed in the same way. After mobilization of the resulting deletion plasmid into CMR12a by E. coli WM3064, transconjugants that lost the suicide plasmid after a second crossover event were selected on LB with 10 % sucrose. Deletion of the gene was confirmed by PCR, the absence of acyl-HSLs was shown by TLC-overlay, and the phenotype was checked with the detection techniques for secondary metabolites described below.
Detection of secondary metabolite production and in vitro antagonism. Secondary metabolites were detected according to Perneel et al. (2007) . Briefly, phenazine production was detected by TLC, biosurfactant production by the drop collapse technique (Jain et al., 1991) , swarming on 0.5 % agar LB plates, exoprotease activity as clearing zones on milk agar, and pyoverdin production in casamino acid (CAA) medium was measured by a spectrophotometric method (Höfte et al., 1993) . In vitro antagonism against Pythium myriotylum CMR1 and R. solani AG 2-2 (27) was tested in dual cultures on KB plates .
Suppression of Rhizoctonia root rot on bean and root colonization. Plant experiments were carried out using bean seeds of Phaseolus vulgaris 'Prelude' (Het Vlaams Zaadhuis). To reduce the variability in emergence, sterilized bean seeds were pregerminated on moist filter papers. After 3 days at room temperature, 10 germinated seeds were sown in perforated plastic trays (2261566 cm) filled with 700 g of a mixture composed of 50 % sand and 50 % non-sterile potting soil (w/w) (Structural; Snebbout). Prior to sowing, the sand/ potting soil substrate was thoroughly mixed with bacterial inoculum to obtain a final concentration of 10 6 c.f.u. (g soil)
Inocula of R. solani AG 2-2 (27) were produced on water-soaked wheat kernels, which had been autoclaved twice on two consecutive days, according to the protocol described by Scholten et al. (2001) . Plastic trays containing bean seedlings were inoculated 3 days after sowing by placing a row of 40 infected wheat kernels in the middle of the tray at a depth of approximately 2 cm and a distance of 3 cm from the bean seedlings. Nine days after inoculation, disease symptoms were evaluated according to Nerey et al. (2010) . All plant experiments were carried out in a growth chamber (25 uC, 16 h photoperiod). Each plant experiment consisted of four replications per treatment, with 10 bean plants per replication, and each time healthy and infected control treatments were included. The experiment was performed three times.
At the time of disease rating, bacterial colonization of the bean roots was determined. Roots of five plants were excised and rinsed under tap water to remove most of the soil. After weighing, roots were macerated in sterile saline using a mortar and pestle, and serial dilutions were plated on KB agar. Bacterial colonies showing the typical morphological characteristics of Pseudomonas CMR12a were counted after an incubation period of 36-48 h at 28 uC. 
RESULTS

Detection and identification of acyl-HSLs
T-streak assay. Forty Pseudomonas isolates from the cocoyam rhizosphere (Table 1 ) were surveyed for production of compounds with acyl-HSL activity. As shown in Table 2 , only the seven antagonistic, phenazine-producing strains showed a positive signal with at least one out of three biosensor strains, which together cover a whole range of acyl-HSLs. The 33 other rhizosphere isolates were unable to induce any of the biosensor strains.
Isolate Pseudomonas CMR27, which shows in vitro antagonism against Pythium myriotylum but does not produce phenazine antibiotics, could not activate the reporter genes. Of all Pseudomonas CMR isolates, only Pseudomonas CMR12a and CMR12b were able to induce biosensor E. coli MH155, which mainly detects N-3-oxododecanoyl-L-homoserine lactone (3-oxo-C12-HSL), an acyl-HSL typically produced by P. aeruginosa.
TLC-overlay. Acyl-HSL extracts from late exponential phase cultures of the antagonistic Pseudomonas strains that had given positive reactions in the T-streak assay were profiled by TLC and biodetected by A. tumefaciens NT1
[pZLR4] (Cha et al., 1998; Shaw et al., 1997) . Table 3 shows that most of our strains produced more than one active compound, among which were both 3-unsubstituted acylHSLs and 3-oxo or 3-hydroxy-substituted acyl-HSLs, with chain lengths varying between C6 and C12. In general, C6/ C8-HSL and 3-oxo/hydroxy-C6/C8-HSL were most common among the CMR strains. TLC-overlay does not always allow discrimination between a 3-oxo or a 3-hydroxy substitution; therefore LC-MS/MS was carried out on extracts of CMR5a, CMR5c and CMR12a. In addition, the 3-oxo/hydroxy-C12-HSL compound produced by CMR12a could not easily be identified in a TLC-overlay with A. tumefaciens NT1 [pZLR4], but a TLC-overlay with the biosensor E. coli MH155 [pMHLAS] clearly GFPdetected the round spot of 3-hydroxy-C12-HSL from CMR12a and as a control the teardrop-shaped spot of 3-oxo-C12-HSL from P. aeruginosa PNA1 with the same mobility (Fig. 1) . The production of N-butanoyl-Lhomoserine lactone (C4-HSL) was undetectable by A. tumefaciens NT1 [pZLR4], but a TLC-overlay with E. coli JM109 [pSB536] excluded the production of this compound by CMR12a and CMR5c (data not shown) . 
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"
No production of compounds with acyl-HSL activity under the laboratory conditions tested *phz+, Phenazine-producing strain, as determined by Perneel et al. (2007) . 
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LC-MS/MS. Culture extracts were further analysed using liquid chromatography coupled with positive electrospray ionization (ESI + ) multiple MS (Li et al., 2006) . Compounds with a parent mass identical to that of one of the following acyl-HSLs [C6-HSL (200); 3-oxo-C6-HSL (214); N-3-hydroxyhexanoyl-L-homoserine lactone (3-OH-C6-HSL) (216); C8-HSL (228); 3-oxo-C8-HSL (242); N-3-hydroxyoctanoyl-L-homoserine lactone (3-OH-C8-HSL) (244); C12-HSL (284); 3-oxo-C12-HSL (298) and 3-OH-C12-HSL (300)] were subjected to ESI + and subsequently detected by MS/MS. Analysis of fragment ions allowed us to identify the signal molecules, and in particular to differentiate between 3-oxo and 3-hydroxy substitutions, since the m/z values of fragmentation products of compounds with hydroxyl groups typically indicate the loss of water (Shaw et al., 1997) .
The acyl-HSLs in culture extracts of CMR5a, CMR5c and CMR12a identified by means of LC-MS/MS are presented 
ND *Production of phenazines and biosurfactants was as determined by Perneel et al. (2007) . 1-OH, 1-hydroxy-phenazine; Biosf, biosurfactants. DA. tumefaciens NT1 [pZLR4] is very sensitive to both 3-oxo-and 3-hydroxy-substituted acyl-HSLs, responds less well to 3-unsubstituted acyl-HSLs and not at all to C4-HSL (Shaw et al., 1997) . E. coli MH155 [pMHLAS] specifically detects 3-oxo-C10-HSL and 3-oxo/OH-C12-HSL (Hentzer et al., 2002) . O, substitution (oxo-or hydroxy-) at the carbon-3 position could not yet be determined because the shape of the spot was not clear.
§Acyl-HSL most abundantly produced. Two acyl-HSLs in one extract marked with § are produced in the same range; an acyl-HSL marked § § is more abundant in the extract than an acyl-HSL marked §. Quorum sensing in antagonistic Pseudomonas isolates in Table 3 . In CMR5a and CMR5c we could demonstrate 3-oxo-as well as 3-OH-substituted acyl-HSLs, while in CMR12a we could only demonstrate 3-OH-substituted acyl-HSLs, besides unsubstituted acyl-HSLs. In addition, LC-MS/MS analysis confirmed production of 3-OH-C12-HSL by CMR12a.
Identification and genomic organization of the QS systems in Pseudomonas CMR12a
The genetic locus of the phenazine biosynthesis operon was isolated and characterized in Pseudomonas CMR12a. phzH modifies phenazine-1-carboxylate (PCA) into PCN, and is located immediately downstream of phzABCDEFG, as in P. chlororaphis PCL1391 (Chin-A-Woeng et al., 2001a; Mavrodi et al., 1998) . Also similar is the location of the QS genes phzI and phzR upstream of the phenazine operon (Fig. 2a) . Sequence similarity with other described PhzI and PhzR proteins was low, although the phylogenetic tree in Fig. 3 shows that both proteins cluster with the PhzI/PhzR proteins of P. chlororaphis PCL1391, P. chlororaphis 30-84 and P. fluorescens 2-79. A phz box could be identified in the phzABCDEFGH and phzI promoter region of CMR12a, which is a conserved palindromic sequence constituting the binding site for the PhzR regulatory protein, thereby activating the phenazine operon phzABCDEFGH as well as the phzI and phzR genes themselves. These phz boxes are almost identical to those of strains PCL1391, 30-84 and 2-79 (Chin-A-Woeng et al., 2001b) (Fig. 2b, c ).
CMR12a-DphzI and CMR12a-DphzR were constructed by site-specific mutagenesis of phzI and phzR in CMR12a. 3-OH-C6-HSL, C6-HSL, 3-OH-C8-HSL and C8-HSL were no longer produced in the phzI mutant, while production was strongly reduced in the phzR mutant, as demonstrated in a TLC-overlay with A. tumefaciens NT1 [pZLR4] (Supplementary Fig. S1a ). 3-OH-C12-HSL on the other hand was still being produced at wild-type levels, as shown in a TLC-overlay with E. coli MH155 [pMHLAS] (Supplementary Fig. S1b ). This provided evidence that besides the phenazine QS system, CMR12a must be in possession of a second QS system. By mass complementation of P. aeruginosa MH157 [pMHLAS] with the genomic bank of CMR12a, we were able to identify a cosmid responsible for production of 3-OH-C12-HSL. Sequencing revealed luxI and luxR family genes that were designated cmrI and cmrR, respectively (Fig. 2d) . The cmrI/R system had surprisingly low similarity to any other acyl-HSL QS system, although the proteins grouped with the PmrI/R system of Pseudomonas sp. RW10S2 (Fig. 3) . A putative lux box with consensus sequence NNCT(N 12 )AGNN and a considerable dyad symmetry (Whiteley & Greenberg, 2001) could be found in the promoter sequences of both genes, and was probably the binding site for CmrR (Fig. 2e, f) . By site-specific mutagenesis of cmrI and cmrR we constructed CMR12a-DcmrI, CMR12a-DcmrR and CMR12a-DphzIDcmrI. Production of 3-OH-C12-HSL was abolished in both CMR12a-DcmrI and CMR12a-DcmrR ( Supplementary Fig.  S1b ), while the other acyl-HSLs were still being produced at wild-type levels ( Supplementary Fig. S1a ). Double mutant CMR12a-DphzI-DcmrI and CMR12a-GacA no longer produced any acyl-HSL at all.
Role of acyl-HSL QS in CMR12a
The mutants in the phenazine QS system CMR12a-DphzI, CMR12a-DphzR and double mutant CMR12a-DphzIDcmrI no longer produced phenazines. The other traits tested remained unaffected, in particular swarming and production of biosurfactants and exoproteases, except for Fig. 2 . Structural organization of the phzI/phzR QS system and phenazine biosynthesis operon phzABCDEFGH (a) and the cmrR/cmrI QS system (d) in Pseudomonas CMR12a. Identification of palindromic sequences (phz and lux boxes) in phzA (b), phzI (c), cmrR (e) and cmrI (f) promoter regions of CMR12a.
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pyoverdin production, which was significantly lower in the DphzI mutants (pyoverdin production relative to the wildtype amounted to 11 % for CMR12a-DphzI and 6 % for CMR12a-DphzI-DcmrI). The mutants in the second QS system, CMR12a-DcmrI and CMR12a-DcmrR, were indistinguishable from the wild type in any of the traits tested (swarming, and production of phenazines, biosurfactants, pyoverdins and exoproteases). In addition, CMR12a-DcmrI and CMR12a-DcmrR formed biofilms in polystyrene microtitre plates (results not shown) (Maddula et al., 2006) to the same extent as CMR12a, and adhered to bean seeds (results not shown) (Espinosa-Urgel et al., 2000) at similar levels to the wild-type, indicating that CmrI/CmrR does not play a major role in biofilm formation and seed adhesion under the circumstances tested.
Because of the strong antagonistic potential of CMR12a, in vitro antagonism and in vivo suppression of root rot were tested for CMR12a and its QS mutants. CMR12a-DcmrI and CMR12a-DcmrR, as well as CMR12a-DphzI, CMR12a-DphzR and double mutant CMR12a-DphzI-DcmrI, still created an inhibition zone against the hyphae of Pythium myriotylum and R. solani in in vitro dual-culture experiments (Table 4 ). In contrast, in an in vivo system, the mutants deficient in phenazine production had a significantly lower biocontrol capacity against Rhizoctonia root rot on bean plants than the wild-type. CMR12a-DcmrI and CMR12a-DcmrR still suppressed R. solani better than the phenazine QS mutants, but significantly less than the wildtype (Table 4) . Bacterial counts revealed small differences in bacterial populations on bean roots. The level of root colonization by mutants CMR12a-DphzR, CMR12a-DcmrI and CMR12a-DcmrR was in the same range as that of CMR12a, suggesting a sufficiently high level for optimal biological control. Root colonization by CMR12a-DphzI and CMR12a-DphzI-DcmrI, however, was significantly impaired (Table 4) .
DISCUSSION
Acyl-HSL production in cocoyam-rhizosphere Pseudomonas
In this study, the presence and significance of acyl-HSL QS in 40 Pseudomonas isolates from the red and white Quorum sensing in antagonistic Pseudomonas isolates cocoyam rhizosphere were explored and QS regulation in our representative strain Pseudomonas CMR12a was examined. Acyl-HSL production has been reported to be common among plant-associated isolates, implying an important role of acyl-HSL QS in plant-bacteria interactions (Elasri et al., 2001) . However, the role of these systems in soil fluorescent pseudomonads and their level of conservation require more studies (Venturi, 2006) .
Among 40 pseudomonads from the cocoyam rhizosphere, only seven strains, namely CMR5a, CMR5b, CMR5c, CMR12a, CMR12b, CMRAma14 and CMRAma20, were capable of producing compounds with acyl-HSL activity as detected by at least one of the biosensor strains. Interestingly, these seven strains had all been isolated from the red cocoyam rhizosphere, had antagonistic properties against the cocoyam root rot pathogen Pythium myriotylum, and produced phenazine antibiotics . The combination of acyl-HSL production and antagonistic activity is not surprising, since acyl-HSL QS has been shown before to regulate traits involved in biocontrol activity against plant pathogens, such as the synthesis of antibiotic and antifungal compounds (Venturi, 2006; Wei & Zhang, 2006) .
The TLC profiles showed that all strains produced more than one acyl-HSL (Table 3) . Production of multiple signals by an acyl-HSL synthase is a common phenomenon; almost all acyl-HSL synthases studied to date produce more than one signal because of the relaxed substrate specificity of the LuxI family of synthases (Khan et al., 2007) . The phenazine-producing strains 2-79, 30-84 and PCL1391 had the production of 3-OH-C6-HSL, 3-OH-C8-HSL and C6-HSL in common with our PCA/PCNproducing strains CMR5a, CMR5c and CMR12a, with 3-OH-C6-HSL being the signal that activates PhzR (Khan et al., 2007) . Since 3-OH-C6-HSL is also produced in large amounts in CMR5c and CMR12a, it was probably also the QS signal responsible for PCA and PCN production in these strains (Table 3) . Though strains CMR5b, CMR12b, CMRAma14 and CMRAma20 also produced phenazines, 3-OH-C6-HSL was not detected. Instead of PCA and PCN, these strains all produced 1-OH-phenazine, whose production may be directed by 3-OH-C8-HSL, since they all have the secretion of this signal in common. In P. aeruginosa PAO1, the monooxygenase PhzS modifies PCA into 1-OH-phenazine (Mavrodi et al., 2001) . To our knowledge, production of 1-OH-phenazine has not been reported for strains other than P. aeruginosa, let alone its QS regulation. Also noteworthy is the signal compound 3-OH-C12-HSL in culture extracts of CMR12a and CMR12b. This signal has only been demonstrated in some ricerhizosphere Pseudomonas strains (Steindler et al., 2008) .
It is remarkable that CMR5c, CMR12a and CMR5a have an acyl-HSL profile which is a lot more complex than that of the other CMR strains (Table 3) . It remains to be investigated whether there is a link between the synthesis of certain QS signals and the metabolites produced by that strain. However, antibiotics other than phenazines have Perneel et al. (2007) . DBacteria were applied to soil at a concentration of 10 6 c.f.u. (g soil) 21 3 days before inoculation. Bean plants were subsequently inoculated with R.
solani AG 2-2 (27), and disease symptoms were evaluated after 9 days using the following scale: 0, healthy, absence of symptoms; 1, small black or brown lesions less than 1 mm in diameter; 2, lesion covering less than 75 % of the stem and/or root surface; 3, lesion covering more than 75 % of the stem and/or root surface; 4, seedling dead. Data represent mean±SD of disease scales obtained from three independent experiments (n5120). Different letters indicate statistically significant differences between treatments by Kruskal-Wallis and Mann-Whitney non-parametric tests (P¡0.05). dRoot colonization on bean roots of the biocontrol strain was determined after bacterial application in the biocontrol experiment with R. solani. Data represent mean±SD of colonization obtained from three independent experiments (n515). Different letters indicate statistically significant differences between treatments by Kruskal-Wallis and Mann-Whitney non-parametric tests (P¡0.05). , 2006, 2007) . We hypothesize that the physiological role of phenazines, rather than their antibiotic role, might explain their QS regulation, since electron acceptor limitation typically occurs at high cell density. In addition to their role in cell physiology, phenazine antibiotics are important in competition for colonization sites on roots and play a role in the establishment of biofilm populations on seeds and roots, together contributing to the ecological competence of biocontrol pseudomonads (Maddula et al., 2006; Mazzola et al., 1992; Pierson & Pierson, 2010) .
The phenazine QS system PhzI/PhzR in Pseudomonas CMR12a
phzI and phzR of CMR12a show moderate sequence similarity to the respective genes in 2-79, 30-84 and PCL1391, but the QS system itself is organized in the same way. Phenazines are under the control of PhzI/PhzR in CMR12a, since deletion of phzI and phzR turns off phenazine production, caused by the abolition of signal secretion. In CMR12a-DphzI, a similar set of signal molecules to those produced by PhzI in strains 2-79, 30-84 and PCL1391 is shut down (Khan et al., 2007) . Besides a reduction in phenazine production, CMR12a-DphzI showed an unexpectedly lower pyoverdin production. Similarly, lasI mutants of P. aeruginosa exhibit a decrease in pyoverdin production (Stintzi et al., 1998) , while, to our knowledge, other phzI mutants have not been reported to display a decrease in pyoverdin production. This might reflect some kind of QS regulation of siderophore production in CMR12a.
The QS system CmrI/CmrR in Pseudomonas CMR12a
CMR12a produces large amounts of 3-OH-C12-HSL, and its production remained unchanged in CMR12a-DphzI and CMR12a-DphzR. We were able to prove that a second QS system is operative in CMR12a through 3-OH-C12-HSL, which was designated CmrI/CmrR. The cmrI and cmrR loci seemed to be well conserved in the related strain CMR12b, which also produces 3-OH-C12-HSL (98.7 and 99.7 % identity at the nucleic acid level, respectively). The phylogenetic tree in Fig. 3 shows that the CmrI/CmrR system only shows homology with PmrI/PmrR, but the deduced amino acid sequences of CmrI and CmrR from CMR12a have a sequence similarity to PmrI and PmrR of about only 40 % identity. The PmrI/PmrR system was found in the rice rhizosphere strain Pseudomonas sp. RW10S2. This strain produces various acyl-HSLs, including 3-OH-C12-HSL (Steindler et al., 2008) . Interestingly, a PmrI/PmrR mutant of Pseudomonas sp. RW10S2 no longer produces any acyl-HSLs, while a CmrI/CmrR mutant in CMR12a only lacks the production of 3-OH-C12-HSL. Nevertheless, QS systems responding to the same acyl-HSL molecules appear to be genetically related; this is clear for the PhzI/R system, but also applies to the LasI/LasR and PpuI/ PpuR systems, which group together and both react to the signal 3-oxo-C12-HSL. These systems regulate the expression of virulence factors in P. aeruginosa (Pearson et al., 1994; Pesci et al., 1997) , and putisolvin production and biofilm development in some P. putida strains, respectively (Bertani & Venturi, 2004; Dubern et al., 2006) . Like the PhzI/PhzR system, the CmrI/CmrR system is under control of the GacS/GacA two-component regulatory system (Heeb & Haas, 2001) in CMR12a, since a gacA mutant no longer produced any acyl-HSL.
The presence of two QS systems in one strain has been reported before: in P. aeruginosa, the LasI/LasR and RhlI/ RhlR systems form a regulatory cascade that controls multiple virulence factors (Pesci et al., 1997) ; in P. chlororaphis 30-84, PhzI/PhzR regulates phenazine production and CsaI/CsaR regulates currently unknown aspects of the cell surface (Zhang & Pierson, 2001 ).
To investigate the role of CmrI/CmrR in CMR12a, we created deletion mutants CMR12a-DcmrI and CMR12a-DcmrR. Biosurfactant and exoprotease production, swarming, biofilm formation and seed adhesion were scrutinized in our mutants, but these traits were unaltered compared with the wild-type. The role of PmrI/PmrR in Pseudomonas RW10S2 is also not known. Mutants in this system behaved similarly to the wild-type for important rhizosphererelated traits, although they displayed a slightly lower antifungal activity (Steindler et al., 2008) .
In CMR12a, regions upstream and downstream of cmrR/I were sequenced to look for QS-regulated genes. Surprisingly, genes in the vicinity of cmrR/I did not show any homology to Pseudomonas genes in the GenBank database and mainly encoded hypothetical proteins. No clear lux boxes were found in front of any of these genes.
Importance of CMR12a QS systems in biocontrol
To reveal a possible link between the antagonistic potential of CMR12a and the presence of QS systems, we carried out biocontrol and root colonization experiments besides in vitro antagonism tests. All QS mutants were able to inhibit the growth of Pythium myriotylum and R. solani on plates, probably because they all still produce biosurfactants, which can have a direct antibiotic effect on the hyphae of the fungus (Nielsen et al., 2000; Thrane et al., 1999) . On the other hand, the phenazine QS system is indispensable for the in vivo biocontrol capacity of the strains. Phenazine antibiotics have been shown before to be important in biocontrol of Rhizoctonia root rot (Huang et al., 2004) . In addition, the phzI mutants CMR12a-DphzI and CMR12a-DphzI-DcmrI display Quorum sensing in antagonistic Pseudomonas isolates lower colonization of bean roots, which may be caused by their lower pyoverdin production, making them weaker competitors in the rhizosphere (Lemanceau et al., 2009) . A phzI mutant of P. chlororaphis PCL1391, in contrast, colonizes tomato root tips to the same extent as the wild-type, albeit in a gnotobiotic sand system (Chin-A-Woeng et al., 2001b). Still, CMR12a-DphzI and CMR12a-DphzI-DcmrI suppressed Rhizoctonia root rot better than CMR12a-DphzR, indicating that the decreased biocontrol capacity of phenazine QS mutants is probably not due to impaired root colonization. CMR12a-DcmrI and CMR12a-DcmrR colonized bean roots to the same extent as the wild-type, but suppression of Rhizoctonia root rot was significantly lower, though not as low as in the phenazine QS mutants. Since these mutants are unaltered in the production of antifungal metabolites such as phenazines and biosurfactants and in cell-surface properties (swarming, biofilm formation, seed adhesion, root colonization), it remains to be determined why their biocontrol capacity is impaired.
In conclusion it can be stated that acyl-HSL production in cocoyam-rhizosphere pseudomonads is related to the antagonistic activity of the strains. This work supports the assumption that QS is widespread in bacteria involved in plant-pathogen interactions. Despite the heterogeneity in acyl-HSL QS systems in root-colonizing rhizosphere pseudomonads, which can probably be ascribed to the diverse regulatory roles that these systems play in these bacteria (Steindler et al., 2008) , the QS system regulating phenazine production seems to be well conserved in Pseudomonas species of worldwide origin. While most QS research has focused on phenazine antibiotics, QS research of other biocontrol-related traits is still in its infancy. It will be intriguing to find out which other bacterial traits are under QS control, and in particular under the control of the CmrI/CmrR system in CMR12a.
